Abstract: Biomimetic calcium phosphate coatings have been developed for bone regeneration and repair because of their biocompatibility, osteoconductivity, and easy preparation. They can be rendered osteoinductive by incorporating an osteogenic agent, such as bone morphogenetic protein 2 (BMP-2), into the crystalline lattice work in physiological situations. The biomimetic calcium phosphate coating enables a controlled, slow and local release of BMP-2 when it undergoes cell mediated coating degradation induced by multinuclear cells, such as osteoclasts and foreign body giant cells, which mimics a physiologically similar release mode, to achieve sustained ectopic or orthotopic bone formation. Therefore, biomimetic calcium phosphate coatings are considered to be a promising delivery vehicle for osteogenic agents. In this review, we present an overview of biomimetic calcium phosphate coatings including their preparation techniques, physico-chemical properties, potential as drug carrier, and their pre-clinical application both in ectopic and orthotopic animal models. We briefly review some features of hydroxyapatite coatings and their clinical applications to gain insight into the clinical applications of biomimetic calcium phosphate coatings in the near future.
INTRODUCTION
Success in dental and orthopaedic implantology relies greatly on the surface modification related to osteoconductivity and osteoinductivity. By coating their surfaces with a layer of calcium phosphate, huge improvements have been achieved in the osteoconductivity of implants [1] . But the methods employed to deposit a calcium phosphate (CaP) layer on the surface of implants, such as electrochemical deposition, sputter coating, plasma spraying, high velocity oxy-fuel spraying, sol-gel deposition, electrophoretic deposition, ion-assisted deposition, hot isostatic pressing and pulsed laser deposition [2] [3] [4] , are all under physical conditions that are highly non-physiological, including higher temperatures. These high temperatures preclude the incorporation of a biological agent such as an osteogenic growth factor. Hence in most cases, biological agents can only be absorbed directly onto the surface of implants [5] [6] [7] [8] .
Recently attempts have been made to deposit layers of calcium phosphate on the surfaces of metal implants under more physiological or "biomimetic" conditions of temperature and pH [9] [10] [11] [12] . The merit of the biomimetic coating technique is that osteoinductivity could be obtained *Address correspondence to the author at the Department of Oral Implantology, Academic Centre of Dentistry Amsterdam (ACTA), VU University and University of Amsterdam, Amsterdam, The Netherlands; Tel: +31020 5980626; Fax: +31020 5980333; E-mail: y.liu@acta.nl through the co-precipitation with an osteogenic agent, the biological activity of which can be preserved through incorporation into the crystalline latticework of a biomimetic coating [12, 13] . A depot of such an agent incorporated into the coating is liberated gradually [14] and in a cell-mediated mode over a period of several weeks [15] . Osteogenic activity can be induced and sustained efficiently under these conditions in both ectopic and orthotopic sites in animal models [14, 16] . Biomimetic coatings have a great potential as a carrier for a drug in orthopedics as well as in maxillofacial surgery.
BIOMIMETIC CALCIUM PHOSPHATE COATINGS
Biomimetic calcium phosphate coatings were first developed by Kokubo [17] and his colleagues in 1990. It involved the nucleation and formation of bone-like crystals on a pretreated substratum by immersing it in a supersaturated solution of CaP under physiological conditions of temperature (37°C) and pH (7.4) . The method has been improved and refined by several groups of researchers [9, 11, [18] [19] [20] , and an extensive evaluation as well as pre-clinical studies have been made [21, 22] . Recently a biomimetic calcium phosphate bone substitute has been developed based on biomimetic calcium phosphate coating [23, 24] .
Biomimetic Calcium Phosphate Coating Techniques
The biomimetic coating technique consists of two basic steps: the deposition of amorphous calcium phosphate (ACP) at the surface of the substrates and subsequent deposition of coatings with or without protein on ACP [25] . Quite a few materials such as metallic carriers [9, 26] , organic polymers [22] and deproteinized bovine bone (DBB) granules [21] could be biomimetically coated with a layer of calcium phosphate using this two phase biomimetic coating technique without any extra surface modification. The physico-chemical and morphological properties of the coatings were found to be independent of the surface geometry, the surface chemistry, or of the 3-dimensional structures of the underlying material [27] .
Formation of Primary Amorphous Calcium Phosphate Coatings
ACP coatings on biomaterials were achieved under high nucleation conditions, in which crystal growth was inhibited by the presence of magnesium ions (7.5 mM). Biomaterials were soaked in 5× concentrated simulated body fluid (SBF) for 24 h at 37°C (Table 1) , the pH of which had been first adjusted to 6.5 by passing gaseous carbon dioxide (flow rate: 650 mL/min) and had risen to 8 at the end of this period. The coated biomaterials were rinsed in an ultrasonic cleaner with demineralized water for 10 min and then air dried overnight at ambient temperature. A thin (1-3 μm thick), dense and amorphous layer of calcium phosphate was coated uniformly on the surface of biomaterials prepared in this way. The calcium phosphate layer can diffract natural light and forms a multicolored fringe, hence the name "rainbow coating" [11] . Environmental scanning electron microscopy (ESEM) and energy-dispersive X-ray (EDX) examinations of the ACP showed that a dense and uniform CaP film (ACP coating) was deposited on the substrates. This layer is composed of spherical CaP globules about 0.1μm in diameter [19] .
Formation of Biomimetic Carbonated Apatite Coatings
ACP-coated substrates were soaked in the metastable SBF solution (Table 1 ) for 24 h [28] . The original coating is then partially dissolved in the solution and transformed into carbonated apatite (BCA). When the ACP coating dissolves, it can initiate the deposition of a BCA coating and this results in a slight decrease of the solution pH [19] . In this step, BCA can be obtained by adjusting the concentration of inorganic elements or the temperature in the solution (Table  1 ) [10, 29] . [11] . The OCP crystals grow directly on top of the ACP coating. The formation of the OCP coating is a dynamic process involving the partial dissolution of the ACP coating and the reprecipitation of the crystalline phase from the solution [19] .
Formation of Biomimetic Octacalcium Phosphate Coatings

Incorporation of Proteins Into Biomimetic Calcium Phosphate Coatings
Proteins and other biological agents can be incorporated into OCP coatings. Bovine serum albumin (BSA) was used as a model protein, in place of more expensive proteins such as BMP-2, to study the coating properties as well as the kinetics of the protein release. Different concentrations of BSA were added into the solution used for forming the coating [11, 15, 24, 30] . BMP-2 and parathyroid hormone (PTH) have been biomimetically incorporated into CaP coatings to improve osseointegration of implants in vivo and the characteristics of the coatings were also evaluated [14, 16, [31] [32] [33] [34] [35] [36] [37] .
Characteristics of Biomimetic Calcium Phosphate Coatings
Coating Thickness
The thickness of the OCP coating was measured using a magnetic induction probe and varied between 30 and 50 µm [11] . This was corroborated by an in vitro study by Wang et al. [29] , who observed OCP and BCA coatings with an environmental scanning electron microscope (ESEM). The ESEM micrographs revealed that the OCP coating exhibited a relatively flat surface composed of sharp plate like crystals, 30 μm long and 0.2 μm wide. The BCA coating displayed a relatively rough surface composed of CaP globules about 20-30 μm in diameter composed of small crystals about 1-2 μm in size. These findings agree with the results in Barrere"s experiment [26] in which the BCP and the OCP coating were applied to porous metal implants. The ESEM micrographs showed that both coatings were homogeneous and had a similar thickness of approximately 20-30 μm. Heterogeneous nucleation of CaP crystals was initiated by an increase in supersaturation of the SBF solution around the substrate. After soaking for 2 h in SBF solution, morphological changes were found in the initial ACP coating in which CaP globules increased in size and were covered by crystals smaller than 5 μm. As soaking continued, these crystals grew larger and the globules were no longer visible. After 48 hours of soaking, these sharp crystal plates were approximately 20-30 μm long and 0.1μm thick [19] .
Composition and Geometry of Coatings
The BCA coating was 65% crystalline and consisted of a carbonate apatite that is closely similar to the natural bone mineral. The OCP coating was 100% crystalline (Fig. 1A) and consisted of octacalcium phosphate crystals [OCP, Ca 8 (HPO 4 ) 2 (PO 4 ) 4 ·5H 2 O] that grew perpendicularly to the substrate [39] . This finding is supported by Barrere"s work [28] in which not only the OCP coating, but also the BCA coating grew perpendicularly to the Ti6A14V substrate. The coatings were composed entirely of straight, plate like crystallites with sharp edges and contained typical OCP crystals when the coatings were prepared without incorporating BSA. As the solution concentration of BSA increased, the coatings gradually took on the characteristics of carbonated apatite and the crystals became progressively smaller, showing an obvious curvature, and became packed more densely. When the concentration of BSA was increased, a mixture of OCP and carbonated apatite (CAP) was formed, and their bulk composition and preferential crystallographic orientation underwent a gradual transformation, indicating that the coatings were becoming less crystalline [12] .
Mechanical Strength
The micro-scratch test revealed that the calcium phosphate coatings prepared in the presence of protein possessed a higher mechanical strength than those prepared without protein [32] . When implants were inserted into an artificial bone, a great resistance to the shear forces was found in the calcium phosphate coating into which the model protein BSA was incorporated [30] . One explanation is that the proteins (BSA or BMP-2), which are co-precipitated with the inorganic ions to form the coating, influenced the growth of the crystalline latticework. Consequently, the crystals that are composed of the calcium and phosphate ions were smaller and more densely packed in the presence of these proteins than those that develop in its absence [12] .
Coating Degradation and BMP-2 Release
An optimum CaP coating should degrade at a rate similar to that of bone formation and it should disappear completely after bone healing. The total resorption of the CaP coating served to avoid a possible weakening that would occur within the CaP coating remaining at the interface [28] .
ACP, CAP, and OCP coatings were tested for 7 days in vitro in a murine bone marrow cell culture enriched with osteoclast to study their response to osteoclasts [10] . Resorption lacunae typical of osteoclastic resorption were not found on the ACP coating. In contrast to this, the resorption of CAP coating was very clear with the typical scalloped resorption pits or lacunae. The OCP coating did not reveal any clear resorption pits, but the coating morphology changed, showing many visible irregularities in the coating and attacked areas. The most likely reason for this phenomenon is that the surface morphology of the irregular OCP coatings prohibits the formation of sharp resorption lacunae even though the coating can be attacked by osteoclasts. Another explanation could be that, in contrast to CAP and dentine, OCP does not contain carbonate which may play an important part in osteoclastic resorption [40] . The lack of carbonate in OCP and the higher dissolvability of the OCP coatings could also be an important factor [41] . As OCP coatings are homogeneous throughout their total thickness they should dissolve gradually and completely over time during the implantation [16] .
The OCP coating consist of large crystals oriented vertically to the substrate surface thus exhibiting a network structure open to the surrounding body fluid, while the BCA show smaller and denser crystals. Because in the former case much more surface will be exposed to the body fluid, a higher reactivity might be expected between the OCP coating and its environment than for the BCA coating. On the other hand, BCA crystallinity is remarkably lower than OCP, which can be ascribed to the distortions and Fig. (1) . SEM micrographs of OCP coating (A) and osteoclastic resorption of OCP coating with resorption lacunae (B).
deficiencies produced by the incorporation of carbonate in the apatite lattice. This lower crystallinity would imply a faster dissolution of BCA compared with OCP [28] .
When Ti6A14V samples coated with OCP and BCA were implanted subcutaneously in male Wistar rats for 4 weeks, Fourier transform infrared spectroscopy (FTIR) revealed structural changes in the OCP coating that evolved into a CAP. The mineral structure remained the same for the BCA coating. These results indicated that organic compounds of the surrounding body fluid became a part of the coating during the subcutaneous implantation [28] . However, when the OCP coating was doped with BMP-2, an obvious degradation could be found from 3 to 5 weeks in vivo [14] . A possible reason is that osteogenic activity may be promoted by releasing BMP-2 from the degrading inorganic matrix. Then osteoclasts participate in the degradation and a high rate of degradation of the coating could be observed (Fig. 1B) . This resulted presumably from the synergistic resorption of foreign body giant cells and osteoclasts [42] [43] [44] .
BIOMIMETIC CALCIUM PHOSPHATE COATINGS AS CARRIER FOR DRUGS
A great effort has been made mainly to improve biocompatibility and biodegradability of metal implants by coating them with layers of calcium phosphate under physiological or "biomimetic" conditions of temperature and pH [11, 12, [45] [46] [47] [48] . An additional merit of the biomimetic way is that molecules with biological activity, such as osteogenic agents, can be co-precipitated with the inorganic components. Consequently, the proteins are genuinely incorporated into the crystal lattice network and not merely deposited on its surface. By becoming an integral part of the calcium phosphate coatings, the protein molecules are released not in a single burst (which happens when superficially adsorbed), but gradually. This bodes well for a sustained osteogenic effect at the implantation site. The bioactivity of these osteogenic agents could be preserved because of the physiological conditions when the coating is formed [31] . This method is simple to perform, it is cost efficient and it can be used even for non-conductive, heatsensitive and porous materials of large sizes and with complex surface geometries. This means that biomimetic coating has a great potential as a drug carrying system. The drug delivery mode played an important role in osseoinductive efficacy, which has been proven in an in vivo study [33] . BMP-2 molecules incorporated in the coating are liberated via a cell-mediated procedure, viz., during the osteoclastic degradation of the inorganic layer. This process is similar to physiological bone remodeling, by virtue of growth factors being liberated from the bone matrix during its degradation. This appears to be the most efficient way to induce bone formation without overstimulating bone resorption.
In an ectopic rat model, approximately 60% of both the biomimetic coating and the incorporated BMP-2 was degraded during the 5 weeks implantation period [14] . Therefore, approximately 40% of the original coating material and the BMP-2 incorporated in it would continue to be released slowly to induce sustained bone formation for several weeks after the end of the experiment. A similar quantity of the superficially adsorbed BMP-2 was released in a few days through a single burst and elicited only a transient, sporadic and abortive osteogenic response. This implies that a lower but sustained pharmacological level of the drug is osteogenically more potent and efficient than a higher dose delivered over a short time span.
Biomimetic CaP coatings can carry not only bone growth factors but also antibiotics. Different antibiotics were incorporated into a carbonated hydroxyapatite (CHAp) coating, and their release and effectiveness against bacterial growth were studied in vitro [49] . This suggested that certain antibiotics could bind with calcium resulting in a better incorporation into the CHA coating and a slower release rate. This method might be applied to prevent infections after surgery and to promote the bonding of orthopaedic devices with bone.
PRE-CLINICAL APPLICATIONS
Ectopic Model
The osseoinductive potential of titanium alloy implants containing BMP-2 was investigated using a gold standard ectopic ossification rat model [14] . The net weekly rate of bone formation, the rate of the degradation of the coating, and the spatial extent of bone formation induced by BMP-2 was quantified over a period of 5 weeks. The use of a biomimetic coating showed properties that were highly biocompatible, osseoconductive, and osseoinductive. BMP-2 was released gradually, inducing a sustained bone formation at the implant. Other research using the same ectopic rat model indicated that when BMP-2 was incorporated into calcium phosphate coatings, it was more efficient for bone formation than surface adsorption onto either a calcium phosphate coating or an uncoated implant. The efficacy of the biomimetic coating was compromised by additional surface adsorption of BMP-2 [33] . This may be attributed to the initial burst release of BMP-2 from the adsorbed pool because the transient high concentration of BMP-2 could encourage the recruitment and activation of osteoclasts, thus enhancing bone resorption [50] .
In an ectopic rat model, the incorporated-BMP-2 group provoked less inflammation than the adsorbed-BMP-2 group together with the no BMP-2 group. The areal coverage of coatings with foreign body giant cells was lower after 5 weeks implantation in the incorporated-BMP-2 group than in other groups [14] . This finding was corroborated by an in vivo study by Wu et al. [22] . They investigated the inflammation produced by four polymers (collagen, Ethisorb TM , PLGA and Polyactive ® ) with either an adsorbed depot of BMP-2, which showed a fast release or a depot with an incorporated calcium phosphate coating, which showed a slow release. Less inflammation was found when the polymeric material bore biomimetic coatings containing BMP-2, than when the drug was adsorbed superficially onto the depot.
A similar result was obtained when BMP-2 was incorporated into calcium phosphate coating on deproteinized bovine bone (DBB) granules [21, 24, 51] . One explanation for this is that an increase of the osteogenic activity can dampen inflammation by restraining the participation of foreign body giant cells. The effect is regulated by osteopontin, which inhibits the multinucleation, by binding the CD44 surface receptors on macrophages [52] .
According to a recent study [53] , the volume of new bone formation on discs bearing a depot of BMP-2 incorporated in a coating was similar whether they are mechanically stabilized or not stabilized at all. When BMP-2 was adsorbed superficially, the volume of bone was 10 times higher when mechanically stabilized than when it was not. These findings indicate that delivery of BMP-2 in a physiological way (slow release), viz., via cell-mediated degradation, is not affected by the presence or absence of a mechanically stable environment.
Orthotopic Model
Some experiments [16, 54] have been carried out to assess the effect of BMP-2 and its mode of delivery on the osseoinductivity in dental implants, inserted into the maxillae of adult miniature pigs. They found that the osteoinductivity of implant surfaces was most severely damaged when BMP-2 was superficially adsorbed on implant surfaces either coated with calcium phosphate or uncoated. Osteoinductivity was impaired least when BMP-2 was incorporated into a calcium phosphate coating. These results were corroborated by another experiment in rats [33] that indicated that liberation of BMP-2 slowly and gradually, which mimics the release of growth factors from the bone matrix under physiological conditions, is the best mode of drug delivery. The therapeutic effectiveness of the biomimetic coating method in combination with DBB granules was investigated recently for the restoration of critical-size bone defects in sheep [23] . Four weeks after surgery, more newly formed bone could be found in the groups of DBB mixed with autologous bone or with BMP-2 incorporated in a coating than in the other groups with DBB. Eight weeks after surgery, the volume of the newly formed bone in the group of DBB with BMP-2 incorporated in a coating was greatest among the groups with DBB and it was comparable with the autologous bone group. This suggests that the capacity of BMP-2 to induce and maintain local bone formation in critical-sized bone defects could be influenced by the method of delivery. The biomimetic coating technique could also be applied to the parathyroid hormone (PTH). Yu et al. evaluated the osseointegration of a CaP coating incorporated with PTH on titanium implants which were inserted into the tibiae of mice. They found that peri-implant bone formation was highly dependent on the dosage of PTH [36] .
HYDROXYAPATITE COATING AND ITS CLINICAL APPLICATIONS
Crystalline hydroxyapatite (HAp), in the form of Ca 10 (PO 4 ) 6 (OH) 2 with a Ca/P ratio of 1.67, is the major mineral component of natural bone [55, 56] . An HAp coating can improve the attachment and proliferation of osteoblast cells [57] and the main advantages of HAp are its good osteoconductivity, osteoconductivity, slow biodegradability and biocompatibility [58] . Sintered HA showed excellent biocompatibility with bone, skin, muscle and gums [59] . In addition, HA is thermodynamically the most stable calcium phosphate in a physiological environment (pH ≥ 5.4) and it is commonly used as a coating for an implant to stimulate bone formation around it [60] . During osseointegration, a strong bond between the bone and a hydroxyapatite-coated prosthesis was established in the interface between the implant and HAp [61] and the shear strength of interface between bone and implant in HA-coated titanium was 5 to 8 times stronger than that of titanium without the coating [62] . When compared with some bone substitutes, such as metallic implants or allografts, HAp showed a strong affinity to host hard tissues through its chemical bonding with the host tissue [63] . Histological studies in dogs showed that cylindrical implants coated with HAp gave a faster bone formation after 1 and 4 months than grit-blasted implants without a coating [64, 65] . At the surface of titanium blade implants coated with HAp, a direct contact with the bone could be observed after 6 months in the healed sites of the molar region of rhesus monkeys [66] .
Although titanium prostheses coated with hydroxyapatite layers by plasma spraying have been used in joint reconstruction and have provided promising results [67] [68] [69] , the plasma spraying technique has some drawbacks that cannot be neglected. The extremely high temperatures exceeding 10,000°C involved in producing the hydroxyapatite coatings made the incorporation of biologically active molecules impossible. The mineral layers are composed of large, partially molten hydroxyapatite granules that are prone to delamination. In addition, because of their surface roughness and hydrophilicity HAp-coated implants are more susceptible to bacteria colonization than uncoated titanium implants [70] . The work from Wolinsky et al. demonstrated in vitro that specific bacteria, such as Actinomyces viscosus, can adhere more easily to HA powder than to titanium powder [71, 72] .
Although a variety of coatings have been developed to enhance osseointegration in pre-clinical studies, only a few of them have been applied clinically. These include HAp and bisphosphonate coatings [73] . HAp coatings could dramatically improve the osseointegration and the survival rate of implants when placed in a compromised bone condition. Therefore, on the one hand, HAp coatings were most extensively applied clinically to hip implants, dental implants and knee prostheses [74] . On the other hand, HApcoated implants showed few statistically significant differences when compared with uncoated implants as long as the surrounding bone tissue exhibited sufficient quantity and quality of the bone to achieve initial stability. This phenomenon was observed in dental implants [75, 76] , hip [77] [78] [79] and knee implants [80] .
According to the classification of Lekholm and Zarb [81] , bone quality is divided into four types (I, II, III and IV). The initial stability becomes more difficult to achieve as the bone quality moves from type I to type IV. After studying 673 Steri-Oss implant system (Denar ® ) during a 5-year period, Saadoun and LeGall [82] suggested that the implant design should be based on the anatomical region, bone quality and implant lengths. Furthermore, the closer the bone quality is to type IV, the greater the indication is for HApcoated titanium cylinders. The effect of the coating on the implant survival rate as a function of bone quality has been studied [83] . HAp-coated implants had a total failure rate of 3.9% during 36 months for all bone qualities combined, whereas uncoated implants had a failure rate of 13.4%. The highest failure rates for uncoated implants were in bone qualities III and IV (19.1% and 25.5%, respectively). Therefore, HAp-coated implants are more appropriate for patients with a compromised bone quality, whereas HApcoated implants should not be recommended for patients with an acceptable bone quality.
Albrektsson et al. [84, 85] have argued that HAp coatings are unstable, more susceptible to bacterial infection, may be predisposed to a rapid bone breakdown and they do not show any significant advantages over titanium implants [83] . It was also discovered the HAp is unable to improve the longterm outcome of bipolar hemiarthroplasty. This is because in the HAp-coated prostheses that were initially well fixed, the sealing effect of a HAp coating creates high concentrations of polyethylene in the limited joint space. This results in massive proximal femoral osteolysis. HAp-coated implants should be applied cautiously to patients because of its negative effects on bone formation. Consequently, a HAp coating introduces a new failure mechanism and HAp coated implants should only be recommended for patients with compromised bone quality. Dental implants coated with bisphosphonates designed to be locally released were also studied in clinical trials [73] . The positive results make them promising candidates for dental implants and orthopaedic surgery in osteoporotic bone.
DISCUSSION
Until recently, deposition layers of calcium phosphate upon the surfaces of metal implants under physical conditions were highly non-physiological. Although calcium phosphate coatings improve the osteoconductivity of metal implants, they do not make them osseoinductive. Osteoinductive properties can be conferred on them by introducing an osteogenic growth factor into the system [6, [86] [87] [88] [89] . Rendering calcium phosphate layers osseoinductive is the problem to be solved by the next generation of implants. For this purpose, a great effort has been expended to functionalize such coatings with osteogenic agents. Among several others, bone morphogenetic protein-2 (BMP-2) has proved to be the one with the most potent osseoinductive property [90, 91] .
The methods mentioned here for depositing layers of calcium phosphate upon metal implant surfaces were applied under such non-physiological conditions that they preclude the incorporation of osteogenic growth factors. These agents can be only deposited superficially upon pre-formed coatings, either by adsorption [88, 92, 93] , by chemical treatment [94] or by binding with biofunctional proteins [95] . Although bone formation can be activated by such techniques, the pharmacological dose applied in this way is extremely high because the adsorbed BMP-2 is released very rapidly [96, 97] and most of it diffuses away before it can be effective. Apart from the unnecessary cost of such waste, the transient and very high concentrations of BMP-2 can trigger undesirable side effects, such as overstimulation of local bone resorption [33, 98] , overstimulation of bone formation at both local and distant sites, and augmentation of local neuropathy [99, 100] . In contrast to this, biomimetic coatings enable a controlled, local and slow release of BMP-2 through three mechanisms, (i) initial burst release controlled by diffusion, (ii) release controlled chemically by coating dissolution and (iii) cell (osteoclast)-mediated release. A biomimetic coating can prolong the degradation in vivo of those biomaterials that degrade easily but not of those that do not. Coatings incorporated with BMP-2 induce remarkably more efficiently an energetic regeneration of bone and bone marrow tissues than coatings merely with adsorbed BMP-2. Moreover, foreign body response of the host to the implanted biomaterials could be significantly reduced in many ways.
Future studies of this technique should concentrate on several aspects such as the preparation of the coating on voluminous 3 dimensional scaffolds, the mechanisms of immunosuppression and the adoption of more potent forms of BMPs. We have proven that functionalized biomimetic calcium phosphates are promising candidates for bone fillers [24] .
One potential disadvantage associated with biomimetic coatings is the low rate with which proteins are incorporated into calcium phosphate. A large quantity of the drug was needed to incorporate just a small amount within the inorganic latticework [14] . During the biomimetic approach only 3 to 15% of the proteins in the supersaturated calcium phosphate solution could be incorporated into the CaP coating [31, 33] . An improvement in the biomimetic coating technique for enhancing the rate of incorporating the protein is needed to broaden its clinical application [35] .
CONCLUSION
The biomimetic technique to coat implants with a layer of calcium phosphate can be applied to biological functionalization of implant coatings with the osteogenic agent BMP-2. The ultimate aim of this research is to develop a slow release delivery system for osteogenic agents to promote local bone formation around dental or orthopaedic implants and thereby expediting their osseointegration. Since the process is carried out at a temperature and pH of physiological conditions, protein molecules such as BMP-2 can be and have been incorporated into the inorganic crystal latticework at the time of its formation. When the inorganic components of the coating are dissolved, the protein molecules remain as a self-supporting scaffold, which can then be remineralized. The incorporated protein enhances the mechanical strength of the coating which is necessary to withstand the high shear forces generated during surgical implantation and it also slows down its rate of dissolution.
The slow release of BMP-2 incorporated in a coating has been confirmed. The osseoinductive potency of coatingincorporated BMP-2 has been established both in vitro and in vivo. Currently, the possibility of biomimetic CaP coating and functionalizing bone substitutes for filling and repairing large osseous defects is being studied. A clinical trial is underway for the treatment of some cases involving repairing a bone defect.
